Molecular Dynamics (MD) Simulations. DPA-TMA 2 molecules were modeled using the GROMOS45a3 (1) united atom force-field, wherein each methylene group is represented as a single site, using the non-bonded interaction parameters available in the force-field when available. Since the intramolecular parameters involving the phosphorus atom are not present in the GROMOS force field (i.e., bond lengths, bond angles, and dihedral angles), we substituted the corresponding intramolecular parameters associated with analogous bonds to sulfur in their places. Partial charges for the phosphonate surfactant head group were obtained from gas phase quantum calculations on a (CH 3 ) 2 -CH-PO 3 2-, which was structurally optimized at the B3LYP/6-311G* level of theory, by conducting a distributed multipole analysis (2) on the electron density as computed at the PBE0/def2-SVP level of theory using MOLPRO version 2015.1 (3) . The distributed multipole expansion was further refined to an atom-centered point charge model through the electrostatic potential fitting method of Ferenczy (4) . The charge on the (CH 3 ) 2 -CHgroup were summed, and this net charge was placed on the $-carbon atom adjacent to the phosphonate group in DPA-TMA 2 , while the remaining hydrocarbon atoms were assigned zero charge. Thus, the partial charges used in our simulations were (in units of electron charge): q(N + ) = 0, q(CH 3 ) TMA = + 0.25, q(P) = + 1.889, q(O) PO3 = -1.066, q($-CH 2 ) CH2 -PO3 = -0.691. MD simulation further employed a SPC/E water model (5) with bonds constrained using the SETTLE algorithm (6) , and a GROMOS compatible force field for the TMA counterions (7) . All force field parameters are included in the topology file given at the end of this Supporting Information document.
MD simulations were performed using the GROMACS 4.5.5 software (8) with 4 fs time steps. Isobaric, isothermal (NPT) ensemble simulations employed the Berendsen thermostat and barostat (9) with isotropic pressure coupling, the choices of which were dictated by the forcefield parameterization. Non-bonded Lennard-Jones interactions were truncated at a distance of 1.4 nm, and the particle-mesh Ewald (PME) method (10) was used to simulate the electrostatic interactions. The PME parameters were: a real space cutoff at 1.4 nm, sixth-order spline, and a maximum fast Fourier transform grid spacing of 0.12 nm.
The Frank-Kasper ! phase MD simulation was seeded with an initial molecular configuration that accurately reflected the composition w 0 = 24 with the unit cell dimensions (13.34 nm x 13.34 nm x 7.01 nm). Since the total mass density of this ! phase was not known exactly, we conducted a test simulation wherein stoichiometric amounts of surfactants, counterions, and water molecules were placed in a matched simulation unit cell and allowed to evolve under NPT conditions at P = 1 bar and T = 298 K to equilibrate the density. Thus, we determined that the ! phase unit cell of interest contains 973 DPA-TMA 2 molecules with 23352 H 2 O molecules, implying an average aggregation number of 32 surfactant molecules in each of 30 lattice sites. From the self-assembled structures in the test simulation, we extracted a micelle comprising 32 surfactant molecules and replicated it 30 times at the ideal lattice positions of the ! phase (11) , with the remaining 13 free surfactant molecules placed randomly within the box. From this initial configuration, we performed NVT ensemble simulations. In the first 50 ns of the simulation at 298 K, we applied positional constraints to the micellar aggregates while allowing the remainder of the system to equilibrate. After initial equilibration, we removed all constraints and continued with 700 ns of NVT simulation at 298 K.
MD Simulations of the A15 phase followed a similar protocol to that described above with the simulation box size and composition chosen to match experimental data for w 0 = 12.1 at 353 K. Since the dynamics in the A15 phase are slower, we chose to run the simulations at 353 K to accelerate equilibration. Experimental observations indicate that the A15 phase unit cell dimension modestly decreases from a = 6.97 nm to 6.79 nm upon raising the temperature from 298 K to 353 K. Density equilibration in a test NPT simulation at P = 1 bar and T = 353 K revealed that the cubic unit cell with dimension a = 6.79 nm and w 0 = 12.1 contains 327 DPA-TMA 2 molecules with 3950 water molecules, implying an average surfactant aggregation number of 40 surfactants per each of 8 lattice sites. Thus, identical micelles comprising 40 surfactant molecules were placed in the 8 lattice sites of an ideal A15 phase unit cell, along with 7 free and randomly placed surfactant molecules. The NVT ensemble simulation at 353 K was equilibrated by: (1) initially imposing positional constraints on the micelles during the first 50 ns, followed by (2) unconstrained equilibration for 900 ns at 353 K.
Statistical uncertainties in the micellar aggregation numbers for the ! and A15 phases reported in Table S5 were determined by the following block-averaging protocol, using the final 500 ns of simulation time for each phase. We defined two surfactants to be "paired," when their tail beads were within 0.85 nm of one another. All paired molecules were defined as being in the same cluster, and clusters containing more than 5 molecules were defined as micelles. Each production run was divided into 10 blocks of equal length and the reported uncertainties in the aggregation numbers reflect one standard deviation from the mean value for the blocks.
To calculate the isoperimetric quotients IQ = 36!V 2 /S 3 of each of the micelles in the equilibrated MD simulations, a convex hull was constructed for each micelle. By analogy to the Delaunay triangulation in two dimensions, this convex hull covers the exterior face of each micelle with a set of triangles whose vertices are the headgroup phosphorous atoms. The surface area S of each micelle was then calculated by summing the areas of these triangles. The volume V of the micelle was calculated as a sum of the volumes of trigonal pyramids, the bases of which were surface triangles of the convex hill and with an apex at the center of the micelle. Table S1 . Table S1 . List of the observed and calculated peak positions for Frank-Kasper ! phase of DPA-TMA 2 with w 0 = 24.0 at 25 °C using the tetragonal space group symmetry P4 2 /mnm (#136) and unit cell parameters a = 13.36 nm and c = 7.02 nm. For an tetragonal lattice, the scattering wavevector modulus |q| is calculated as: Figure 2C . The y = 0.45 and 0.60 planar density maps reveal that the micelles are distorted both along the z-and x-axes of the unit cell. Table S2 . Micelle aggregation numbers and surfactant chain exchange dynamics derived from equilibrated MD simulations of the FK ! and A15 phases with w 0 = 24.0 and 12.1, respectively, which indicate that chain exchange is crucial for free energy minimization in these tetrahedrallyclosest packings of quasispherical micelles. Enumeration of surfactant chain exchange events (acceptance into and expulsion from of a micelle) per unit time for the equilibrated simulations shows that chain exchange continues after they reach equilibrium, and that the rate of chain acceptance is nearly equal to the rate of chain donation. a After a 500 ns simulation equilibration time at 298 K, N accept = average number of surfactant acceptance events into each symmetry equivalent micelle, and N explusion = average number of surfactant expulsion events out of each symmetry equivalent micelle. 
! ! Phase

A15 Phase
Wyckoff Site Symmetry Figure 1B with the exception of a few small peaks that are artifacts of the periodic boundary conditions in the simulations. Twodimensional slices through the total mass density map for the A15 phase MD simulation in the (B) z = " plane, (C) y = 0 plane, (D) y = 1/4 plane, in which the color scale refers to mass density in units of kg/m 3 , concur with the experimentally-derived 90% isosurface plots given in Figures  2E and 2F . The one-dimensional SAXS intensity I(q) versus scattering wavevector q profile for the FK ! phase with w 0 = 24 (Fig. 1B) was scaled by multiplying the q values by 2, to halve the size of the unit cell to expedite the calculation and rendering of the electron density map in a tractable manner with limited computing resources. Le Bail refinement of the scaled SAXS data with a fifth-order polynomial fit for the X-ray background using the JANA2006 crystallographic computing software package (12) enabled extraction of the static structure factor intensities for each peak in the pattern in the range q = 0.2480-0.7306 Å -1 (in the scaled pattern), the Miller indices of which were assigned using the P4 2 /mnm space group symmetry with scaled unit cell parameters a = 6.68 nm and c = 3.51 nm. The structure factor intensities associated with each indexed SAXS peak are listed in the text file reproduced below. Application of the SUPERFLIP charge-flipping algorithm (13) using this text input text file in 4000 trials yielded 65 converged electron density maps with excellent figures of merit (fm) # 3, starting from randomized initial conditions. The 65 converged maps were averaged and rendered using the VESTA software package (14) to yield the 90% isosurface electron density maps shown in Fig. 2A-2C and 3A.
*****************************start file******************************** title SK_Sigma perform CF outputfile "SK_Sigma.m81" "SK_Sigma.m80" outputformat jana dimension 3 cell 66.8017 66.8017 35.1135 90.00 90.00 90.00 spacegroup P42/mnm centro yes centers 0.000000 0.000000 0.000000 endcenters
x1+1/2 -x2+1/2 x3+1/2 -x1+1/2 x2+1/2 x3+1/2 -x2 -x1 x3 x2 x1 x3 endsymmetry composition C1200 N1200 O1200 P1200 endf ******************************end file********************************* SUPERFLIP Input File for A15 Phase (w 0 = 12.1) Charge-Flipping Electron Density Reconstruction The one-dimensional SAXS intensity I(q) versus scattering wavevector q profile for the A15 phase with w 0 = 12 (Fig. 1B) was scaled by multiplying the q values by 2, to halve the size of the unit cell to expedite the calculation and rendering of the electron density map with limited computing resources. Le Bail refinement of the scaled SAXS data with a fifth-order polynomial fit for the X-ray background using the JANA2006 crystallographic computing software package (12) enabled extraction of the static structure factor intensities for each peak in the pattern in the range q = 0.1238-0.7930 Å -1 (in the scaled pattern), the Miller indices of which were assigned using the Pm3(-)n space group symmetry with a scaled cubic unit cell parameter a = 3.475 nm. The structure factor intensities associated with each indexed SAXS peak are given in the text file below. Application of the SUPERFLIP charge-flipping algorithm (13) using the input file below in 2500 trials yielded 47 converged electron density maps with excellent figures of merit (fm) # 2, starting from randomized initial conditions. The 47 converged maps were averaged and rendered using the VESTA software package to yield the 90% isosurface electron density maps shown in Fig. 2D-2F and 4A. *****************************start file******************************** title SK_A15 perform CF outputfile "SK_A15.m81" "SK_A15. 
x2+1/2 -x1+1/2 -x3+1/2 -x1+1/2 -x3+1/2 x2+1/2 x1+1/2 -x3+1/2 -x2+1/2 x1+1/2 x3+1/2 x2+1/2 -x1+1/2 x3+1/2 -x2+1/2 -x3+1/2 -x2+1/2 x1+1/2 -x3+1/2 x2+1/2 -x1+1/2 x3+1/2 -x2+1/2 -x1+1/2 x3+1/2 x2+1/2 x1+1/2 endsymmetry composition C325 N325 O325 P325 0.0360 endf ******************************end file********************************* GROMACS Topology File for the GROMOS45a3 Force Field for DPA Molecule *****************************start file******************************* 
